The impact of eye position/eye movement on visual information signals has been observed in some higher visual areas. The study reported in this paper is concerned with whether neurones in striate cortex are influenced by the eye position signals. Receptive fields of striate neurones were mapped while two macaque monkeys performed a fixation task. The fixation point was systematically varied over a 20°square grid. For about half of the neurones studied, the response altered significantly when the fixation point was moved away from the central primary field. The majority of these neurones responded maximally when the fixation was located in the contralateral field with respect to the hemisphere being recording. The results indicate that the striate cortex may code information about eye position and could contribute to localization of visual targets in early visual processing.
Introduction
Visual perception is composed of two independent processes, the perception of an image and the establishment of the coordinates of the perceived image. During visual exploration of the environment, the visual system corrects for the shifts in retinal position of visual images due to changes in the direction of gaze, in order to maintain the stability of visual perception despite eye and/or body movements. This process requires the integration of signals from both the retina and the motor system. 1, 2 The interaction of eye position with retinal signals has been described in higher visual areas such as posterior parietal cortex, 3 area PO, 4 area V3A, 2 dorsal prelunate gyrus (area DP), 5 supplementary eye field, 6 prefrontal cortex 7 and frontal cortex 8 in awake monkeys. In our experiments we wanted to test whether cells in relatively early parts of the visual pathway, striate cortex, were influenced by the eye position signal.
Materials and Methods
Two juvenile monkeys (Macaca mulatta, 2.3-3 kg) were trained to perform visual fixation tasks. During the experiment, the animal sat in a primate chair with head restraint, and binocularly viewed a tangent screen placed 57 cm in front of their eyes, subtending 30´24°. Stimuli were generated with a Vectrix VX384-A graphics board (256 grey level, 672´480 pixels at 75 Hz) and displayed on a high-resolution color monitor (Vectrix D03042). The light intensity of the stimulus and the background were 24 and 10 cd/m 2 , respectively. After the monkey pressed a lever attached to the primate chair, a 0.2°light spot (fixation point, FP) was presented on the screen for 1-6 s and then its colour changed (white to yellow) for 400 ms. If the monkey released the lever during this 400 ms period, a 0.1 ml juice reward was given. After extensive training in this task, the monkeys were deeply anaesthetized with ketamine hydrochloride and pentobarbital sodium. Surgery was carried out under aseptic conditions. A scleral magnetic search coil was implanted under the conjunctiva around the right eyeball to monitor eye positions, 9 and both a single unit recording chamber and a head fixation device were anchored to the skull with orthopaedic bone screws surrounded by dental cement. The recording chambers were placed stereotactically above the striate cortex (area V1) for the two monkeys.
After recovery, the monkeys were retrained on the fixation task. At this stage, their eye movements were monitored by scleral search coils. 10 The computercontrolled fixation window was ±1°; if the monkey broke fixation during the recording, the trial was automatically terminated and the data recorded were excluded from analysis. In a few weeks the monkeys EXTRACELLULAR recordings were made in the striate cortex in awake, behaving monkeys to test the influence of the eye position on cellular activity. Two monkeys (Macaca mulatta) were trained to fixate a small spot at 25 different eye positions. About half (52%) of the studied neurones showed a selective gaze field (GF). The cells' activities increased significantly when the monkey fixated at this field of view. For the majority of these neurones, GFs were located at the contralateral field of view with respect to the hemisphere from which responses were recorded, and were usually found a few degrees peripheral to the related receptive field. Eye position-dependent neurones were found at different depths of cortex, but mostly in the superficial layers. The results indicate that some neurones in striate cortex may code information about eye position and could contribute to target localization in a head-centred coordinate system by combining retinal and afferent eye position signals.
could maintain their gaze on the FP for 1-6 s without reacting to any other visual stimulus concurrently presented on the screen.
The activity of single neurones in area V1 was recorded with glass insulated tungsten microelectrodes (2-4 M⍀ impedance). For each neurone, the receptive field (RF) location, RF size, preferred orientation and direction specificity were determined using a light bar of variable length, width and velocity while the animal fixated at the FP presented on the centre of the screen (Fig. 1, position 13) . In order to test whether the responsiveness of V1 neurones was influenced by eye position, that is, by the position of the FP on the screen, the FP was moved from left to right, top to bottom in sequence for 25 positions on the screen (Fig. 1) . The distance between two adjacent FP positions was 5°. The FP was presented for 1 s at each position, then jumped to the next position after a 100 ms interval. For some neurones, the FP appeared randomly at one of the 25 fixation positions. The random protocol was abandoned because the different jump distances and the variable direction of movement among the successive FPs would make the analysis of the position effects more complicated, and because a few V1 neurones showed responses to saccadic eye movement when big jumps were made. In contrast, no neurone responded to the regular saccades at a distance of 5°. To reduce variability in cell responses associated with changes in time, the same pattern of FP displacement was repeated at least 10 times for each cell. The eye movement related activities were subtracted by setting a sampling delay after a new fixation position was reached. The sample frequency for cell discharge and eye movement was 100 Hz, and cell responses at each eye position were analysed by one-factor analysis of variance (ANOVA).
Results
A total of 91 V1 neurones were examined spanning a range of visual field eccentricities from 0.5°to 10.5°. About 48% of these neurones (44/91) showed no significant difference in the responses evoked by the FP at different positions on the screen: the responses of these neurones did not seem to be significantly affected by the eye position (ANOVA, p > 0.05). In contrast, the response of about 52% of V1 neurones (47/91) was clearly influenced by the eye position. Figure 2 shows the responses of an eye position dependent neurone to FP stimulation for 25 different eye positions. During fixation toward the centre of screen (0º,0º) in Fig. 2A, position 13 in Fig.  2B ), the maximum neuroneal response was elicited K. Guo and C.-Y. Li by the FP stimulation. On the contrary, the same physical stimulation evoked weaker discharge during fixation toward the other positions of the screen, particularly leftward and rightward (ANOVA, p < 0.0001).
The term 'gaze field' (GF) was used to indicate that part of the animal's field of view influencing the activity of neurone significantly when gazed at by the animal. 5 The GF of the neurone shown in Fig. 2  is located at (0º,0º) . We compared the spatial relationship between the GF position and RF position for 47 eye position-dependent neurones (Fig. 3) . The RF was measured when the monkey fixated the central FP (0º,0º), and located within the contralateral field of view, spanning a range of visual field eccentricities from 0.5°to 10.5°(solid circles in Fig.  3B ). Likewise, for 36/47 eye position-dependent neurones, GFs were also located at the contralateral visual field, mainly at the positions of 10°horizontal eccentricity relative to the screen centre (0º,0º; Fig.  3A ). The GF of only two neurones were at (0º,0º) (straight-ahead fixation). For most of the neurones, the GF was usually a few degrees peripheral to its RF (Fig. 3B) .
These eye position-dependent neurones were recorded at different depths of cortex (0-5 mm). Although it is difficult to determine the laminar locations in awake animal experiment, most (23/47) were in the superficial layers (within 1 mm of the surface of cortex).
It is not clear whether the eye position-dependent neurones in area V1 have a topographic distribution. Our data suggest that the eye position-dependent neurones and the non-dependent neurones were clustered together. In 16 out of 26 microelectrode penetrations recorded in area V1, both types of neurones were encountered along a single penetration. Although the GF locations of eye positiondependent neurones recorded in a single penetration were different, they had some similarity in their 'horizontal eccentricity'. Figure 4 shows three examples.
Eye-position dependent neurones in area V1 The GFs of three pairs of neurones recorded in three separate tracks were in the left visual field (T1), on the vertical meridian (T2) and the right field with 10°h orizontal eccentricity (T3). A gaze effect index (GI) was calculated to quantify the degree of eye position effect.
8 GI = G max /(G max + G min ), where G max was the largest neuroneal response to the FP at a selected position and G min was the smallest. An index of 0.5 indicates no gaze effect, i.e. no difference in apparent response depending on eye position. An index of 1.0 indicates that the cell had an apparent response at one eye position, but lacked any at others. For the 47 eye position-dependent neurones, the GI was distributed between 0.6 and 1.0. The average value was 0.81 ± 0.1. The GI of 0.81 indicates that on average, the response at G max was roughly four times the response at G min
The observed eye position effect might be due to changes in the visual background or unexpected stimulation in the cell's RF as a sequence of the shifts of gaze toward different screen positions. In order to discount this possibility, several V1 neurones whose GF and/or RF were near to the border of screen were specifically tested. Determining its GF location, the monitor was moved to the right for 10°and the same test was repeated. The cell's response to the previous GF position on the screen progressively decreased, suggesting that the responsiveness of the cell really depended on the eye position.
Discussion
We observed the relationship between neurone activity and eye position in area V1 of awake monkeys. For about 52% of V1 neurones, the response evoked by FP was modified by the eye position. The results are similar to those observed in areas V3A (50% of neurones) 2 and 7a (60% of neurones).
11
For 77% of eye position-dependent neurones in area V1, the GF was located in the contralateral visual field. This phenomenon was also observed in area V3A, 2 whereas in area 7a no laterality effect was observed. 12 There is a concordance with the receptive field location in these three areas: in areas V1 and V3A, receptive fields are always contralaterally located; in area 7a, they frequently occupy both ipsilateral and contralateral sides of the visual field. 13 There are no previous reports indicating whether the eye position-dependent neurones in other areas have 'functional column' structure, but our Fig. 4 shows that the GF of V1 neurones may have a columnar structure related to the spatial location.
Recently, Gur and Snodderly 14 reported results of a similar experiment in striate cortex of alert monkeys. They found that the receptive field location remained retinotopically fixed with respect to the fovea, so that as fixation moved, so did the receptive field location. They also found that responses could be altered by microsaccades which occur during fixation. In our experiments, we found a few V1 neurones responded to large saccades (see Materials and Methods), but found no clear evidence of neuroneal responses to microsaccades during fixation. The influence of microsaccades on our results can further be ruled out because: the three-dimensional plots (see Fig. 2A as an example) show that the eye position-dependent neurones were always maximally activated when monkey fixated a certain point, and the discharge rate remained enhanced but was attenuated gradually at positions around this peak position. In addition, we performed repeated measures for these neurones and the relatively small standard deviations show that the relation between fixation position and cell activities was significant.
There is some evidence that the position signals underlying these effects could be from extraocular muscle afferents and/or a corollary discharge. 15, 16 In the lateral geniculate nucleus (LGN), passive deviation of one eye of paralyzed, anaesthetised cats could modulate visual responses driven through the other eye. 17, 18 Because the LGN provides major input to the striate cortex, the effectiveness of eye position in area V1 could come from subcortical mechanisms. Buissert and Maffei 19 found that electrical stimulation or mechanical stretch of extraocular muscles evoked responses in 25% of the units of the striate cortex of the cat, and retrobulbar blocks eliminated these effects. They provided more direct evidence that the striate cortex could receive projection from the extraocular muscles.
The eye position dependent neurones have been observed in pulvinar nuclei, 20 area V3A, 2 area V6 (area PO), 4 area 7a and LIP, 3 DP, 5 dorsomedial frontal cortex, 21 frontal cortex 8 and supplementary eye field. 6, 22 It is suggested that the combination of visual and eye position signals could exist at different levels of the visual system. A population of cortical cells with similar receptive field positions but with differential selectivities to eye position can construct a head-centred frame of reference to extract information about the absolute external coordinates of visual targets. 2, 11, 17, 18 We suggest that this mechanism may contribute to localization of visual targets and maintain the stability of visual perception in early visual processing.
Conclusions
We tested the effects of eye position on the excitability of 91 neurones in the striate cortex of awake monkeys trained in fixation tasks. The eye position effect was observed for 52% of the neurones and the mean gaze effect index was 0.81 ± 0.1. For 77% of eye position-dependent neurones the GF was located in the contralateral visual field. The eye position effect has been observed in many structures in the visual system, suggesting such effect is utilized in constructing a head-centred frame of reference from a retinotopic input.
